Abstract. Mesenteronal infection and transmission thresholds for several Middle American epizootic and enzootic Venezuelan equine encephalomyelitis (VEE) viruses were evaluated in field-collected (Guatemala) and colonized individuals of the enzootic vector mosquito Culex (Melanoconion) taeniopus. Approximate thresholds for 3 epizootic, hemagglutination-inhibition (HI) subtype I-AB strains were 10 40 chick embryo cell (CEC) plaque-forming units (pfu) per blood meal. Infection rates never exceeded 33%, despite oral doses as high as 10 54 CEC pfu. Mosquitoes were incapable of transmitting epizootic viruses to hamsters even after oral doses of 10 5 4 CEC pfu and 21 days of extrinsic incubation. In contrast, infection thresholds for 3 enzootic, HI subtype I-E viruses were less than 1O 07 CEC pfu, as were transmission thresholds. Mesenteronal 50% infectious doses were also less than 10 07 for all enzootic strains evaluated. The possibility of transovarial transmission of VEE viruses was evaluated by rearing progeny from Aedes taeniorhynchus mosquitoes infected with a Middle American epizootic VEE virus strain. No virus was recovered from 1,037 fourth-instar larvae reared at 20 or 27 °C. Culex taeniopus mosquitoes were also infected with enzootic viruses and progeny from 2nd and subsequent ovarian cycles tested for infectious virus. Vertical transmission was not detected despite assays of 5,077 fourth-instar larvae reared at 20 or 27 °C. Epidemiological implications of these findings related to postepizootic survival of HI subtype I-AB viruses in Middle America are discussed.
Historically, only 2 epidemics and equine epizootics caused by the mosquito-borne Venezuelan equine encephalomyelitis (VEE) virus have been recognized in Middle America. The 1st occurred in 1966 near Tampico, Mexico, and was identified as VEE virus by antibody tests; no virus strains were isolated (Morilla-Gonzales & Mucha-Macias 1969; Dickerman et al. 1971) . The 2nd, a large epidemic and equine epizootic, occurred during (Sudia et al. 1971 Sudia & Newhouse 1975; Scherer et al. 1976b) . It began near the Guatemala-El Salvador border and spread to Honduras, Nicaragua, Costa Rica, Mexico, and Texas, USA.
Although VEE virus had been found in focal rain-forest and marsh habitats in Middle America before these outbreaks (Scherer et al. 1970; , the strains isolated from endemic-enzootic habitats were different from strains recovered during the epizootics. Various differences in marker characteristics have been previously reported (Walton et al. 1973; Johnson 8c Martin 1974; Jahrling & Eddy 1977; Scherer & Chin 1977; Wiebe & Scherer 1980) .
There are 2 distinct cycles of VEE virus: epidemic-equine epizootic and endemic-enzootic. During epidemic-equine epizootic (henceforth referred to as epizootic) cycles, virus is transmitted by 1 or more mosquito species; Aedes taeniorhynchus (Christophers) and Psorophora confinnis (Lynch Arribalzaga) are proven vectors, while Aedes sollicitans (Walker), Mansonia titillans (Walker), Mansonia indubitans (Dyar 8c Shannon), and Culex nigripalpus (Theobald) are suspected, based on numerous virus isolations (Sudia & Newhouse 1975) . The principal vertebrate hosts of epizootic cycles of VEE virus are equines and humans. However, additional vertebrates such as dogs, pigs, and cows are inapparently infected (Dickerman et al. 1973a,b) . Viremic equines, humans, and possibly dogs serve as amplifying hosts. Equines are of primary importance because they are bitten by large numbers of mosquitoes. In contrast, the Central American enzootic cycle relies on a single vector, Culex (Melanoconion) taeniopus (Dyar & Knab); wild rodents and possibly marsupials act as vertebrate amplifying hosts (Scherer et al. 1985) .
The source of the epizootic strains of VEE virus that appeared in Middle America is unknown. The last recognized equine cases caused by a Middle American epizootic strain occurred in Nicaragua during 1972 (Scherer et al. 1976c; Dickerman 8c Scherer 1983) . Scherer et al. (1976a,c) evaluated the possibility that epizootic strains of VEE virus are continuously cycling in occult natural habitats in Middle America. No persistent activity of epi-zootic VEE virus strains was found in Guatemala, El Salvador, or Nicaragua by use of sentinel horses, hamsters, and guinea pigs, by serologic tests of humans and wild rodents, or by attempting to isolate virus from mosquitoes (Scherer et al. 1976c ). However, 73 strains of VEE virus were recovered during 1970 and 1971 at marsh habitats in Guatemala from sentinel hamsters or mosquitoes. All of these produced predominantly large plaques in Vero cell cultures, suggestive of enzootic rather than epizootic VEE viruses (Scherer et al. 1976a ).
Enzootic VEE virus isolates made before and after the 1966 and 1969-1972 outbreaks were analyzed by hydroxylapatite chromatography and cloning in Vero cells to detect possible minority populations of epizootic virions. However, all 94 candidate epizootic clones were hemagglutinationinhibition (HI) subtype I-E, were avirulent for English shorthair guinea pigs inoculated subcutaneously, and had optimal pHs of hemagglutination at 6.2 (Wiebe et al. 1983) . Survival of sentinel English shorthair guinea pigs in a Guatemalan enzootic habitat during 1977-1980 also suggested the absence of epizootic subpopulations, since these animals die from mixed enzootic/epizootic infections (Scherer et al. 1985) .
Thus, as of 1980, the use of multiple field and laboratory techniques has yielded no evidence of persistence of epizootic strains of VEE virus in Middle America following the outbreaks of 1966 and 1969-1972 . These observations strongly suggest that the epizootic strains of Middle American outbreaks disappeared from this region. Recent findings have suggested that this disappearance may be related to the vector incompetence of the Middle American enzootic vector mosquito, Cx, taeniopus, for certain epizootic VEE virus strains (Scherer et al. 1982) . To further investigate this phenomenon, we examined the ability of this mosquito to become infected with and transmit additional epizootic and enzootic viruses.
We also examined the possibility that transovarial transmission might be involved in interepizootic VEE virus survival by evaluating this phenomenon in a vector mosquito associated with past outbreaks, Ae. taeniorhynchus (Sudia & Newhouse 1975) . Vertical transmission was also examined in Cx. taeniopus to determine whether this phenomenon might aid in the survival of enzootic viruses during periods of inadequate horizontal transmission.
MATERIALS AND METHODS
Mosquitoes. Adult female Cx. taeniopus mosquitoes were either collected while host seeking at La Avellana, Guatemala (Scherer et al. 1976a; Cupp et al. 1979) or were obtained from progeny reared in laboratories at Cornell University in Ithaca, New York, or New York City. Mosquitoes were held in 45-cm cubical cages lined with plastic and containing clay pots inverted in water as resting and oviposition sites (Dziem & Cupp 1983) . Larvae were fed a diet consisting of dry, active yeast and finely ground rabbit chow.
Aedes taeniorhynchus mosquitoes were derived from a colony originating in La Avellana, Guatemala, in 1979. Larvae were fed a diet similar to that described above, and adult mosquitoes were held under similar conditions. Eggs were collected on moistened paper towels and incubated at 20 or 27 °C for 3 days before flooding with nutrient broth for hatching.
VEE viruses and tests of mosquitoes for infection and
ability to transmit. Data on the strains of VEE virus used are presented in Table 1 . Virus strains selected were of the lowest vertebrate passage levels available, yet were generally well characterized.
Mosquito suspensions were prepared and assayed routinely in chick embryo cells (CEC) as described previously (Cupp et al. 1979; Scherer et al. 1982 ). Some suspensions were tested in 1-4-dayold suckling albino mice (SM), inoculated intracranially (ic), to determine 50% lethal doses (SMic-LD 50 ). Transmissions of virus to hamsters were confirmed by testing suspensions of heart tissues from dead hamsters and showing cytopathic effects (plaques appearing in CEC) within 2-3 days at 37°C
.
Infection and maintenance of mosquitoes. Culex taeniopus mosquitoes were infected by allowing them to engorge on viremic Syrian hamsters as described previously (Scherer et al. 1982; Dziem & Cupp 1983) . During extrinsic incubation, mosquitoes were held at 26-28 °C and about 80% RH, with a 14:10 light:dark cycle including simulated dusk and dawn conditions. Mosquitoes used for experiments in Guatemala were held under local field conditions (Dziem & Cupp 1983) .
Transovarial infection attempts. Aedes taeniorhynchus mosquitoes were infected by intrathoracic injection with ca. 100 CEC pfu of virus strain 69U332. Oral infection was not attempted because infection rates rarely exceed 50% with high-titer hamster blood meals (Scherer, unpubl. data) . Inoculated mosquitoes were transferred into 32-cm cubical cages and held at either 20 or 27 °C. Mosquitoes were offered blood meals from clean hamsters at 3-4-day intervals, and progeny larvae were reared at 20 or 27 °C, corresponding to maternal incubation temperatures. Adult female Cx. taeniopus mosquitoes were allowed to engorge on hamsters circulating high titers of enzootic strains 68U201 or 63U2, both of which have been shown to infect virtually 100% of mosquitoes following ingestion of a large oral dose (Scherer, unpubl. data) . Mosquitoes were maintained collectively at 20 or 27 °C and offered blood meals at 3-4-day intervals to maximize progeny numbers. Egg rafts collected 1-10 days after maternal infection were conservatively assumed to be from the 1 st ovarian cycle and were therefore discarded. Larvae from subsequent gonotrophic cycles were reared at the maternal incubation temperature. In this preliminary study, no attempt was made to separate progeny according to gonotrophic cycle prior to virus assays.
Sibling 4th-instar larvae were pooled into groups of 50-100 larvae and triturated with 2.0 ml Hanks' balanced salt solution containing 1 % bovine albumin. Suspensions were centrifuged at 10,000 x g for 1 h, and supernatants frozen at -60 °C for later assay. These suspensions were tested for the presence of infectious virus by intracerebral inoculation of suckling mice. Virus plaque assays were not used owing to toxicity of larval suspensions to CEC cultures (Weaver & Taylor, unpubl. data) .
Characterization of epizootic VEE viruses isolated from
Cx. taeniopus exposed to viremic hamsters in the laboratory. Since some mosquitoes used for laboratory infection-threshold experiments with epizootic viruses were field-collected specimens, characterization of viruses from infected individuals was necessary to ensure that infections were not naturally acquired, enzootic ones. Virus from single mosquitoes was amplified by passage once in CEC and tested for lethality in English shorthair guinea pigs and for plaque-size in Vero cell cultures as described by Scherer et al. (1982) .
RESULTS

Infection and transmission thresholds of 3 epizootic subtype I-AB strains of VEE virus in
Cx. taeniopus. Mesenteronal infection thresholds [defined as the blood meal titer required to achieve a 1-5% infection rate (Chamberlain & Sudia 1961) ] of 1 epizootic subtype I-AB strain of VEE virus (69U332) in adult female Cx. taeniopus have been reported previously (Scherer et al. 1982) . Data for 2 additional epizootic strains are presented in Table 2. Previously reported results with strain 69U332 are included for comparison.
The estimated thresholds for epizootic viruses are >10 4 0 CEC pfu, except for 1 mosquito that was infected by ingestion of 10 2 9 CEC pfu of virus strain 69U332 (Table 2) . However, some doses of epizootic virus strains 69Z1 and 69U332 above 10 40 CEC pfu yielded no infected mosquitoes. Based on a 50% endpoint (50% of mosquitoes infected orally), the mesenteronal 50% infectious dose for each of the 3 epizootic virus strains was > 10 50 CEC pfu ( Table 2 ). The source of mosquitoes (field collected or colonized) apparently did not influence infectivity with these viruses.
Because few mosquitoes became infected with epizootic VEE virus strains, data concerning transmissions are limited. Only 10 mosquitoes infected with epizootic virus were exposed to clean hamsters for transmission attempts after 20-23 days of extrinsic incubation. Eight of 10 engorged, but no transmissions were detected. Therefore, we conclude that these mosquitoes infected with epizootic viruses were incapable of transmission. The possibility existed that some parental-generation mosquitoes were previously infected with enzootic strains of virus derived from natural infections in Guatemala. Therefore, virus from each of the 3 mosquitoes infected with epizootic strain 69Z1 was inoculated sc into pairs of guinea pigs in doses of 3,200-4,000 CEC pfu. All guinea pigs died within 3-4 days of inoculation. These epizootic mosquito isolates were also inoculated onto Vero cell cultures. Plaque diameters (and ranges) were 1.4 mm (0.7-2.0), 1.4 mm (0.6-2.1), and 1.4 mm (0.8-2.1) for the 3 isolates; results with control virus strains were 1.6 mm (0.9-2.3) for epizootic strain 69Z1 and 2.9 mm (1.3-4.9) for enzootic strain 69U332. These marker characteristics strongly suggest that viruses recovered from these mosquitoes were laboratory-acquired, epizootic strains.
Infection and transmission thresholds of 4 Middle
American enzootic strains ofVEE virus in Cx. taeniopus. Enzootic VEE virus 63U2 and 79U13 had low mesenteronal 50% infectious doses in Cx. taeniopus; these values were < 10 07 and 10 09 CEC pfu, respectively (Table 3) . The infection threshold, based on 1-5% infection rates of mosquitoes, presumably would have been even lower. Previously published results with virus strains 68U201 and 70U80 (Scherer et al. 1981 (Scherer et al. , 1982 are included in Table 3 for comparison. These 4 enzootic VEE virus strains represent a period from 1963 to 1979 at Mexican and Guatemalan foci (Table 1) .
Transmission thresholds of the 4 enzootic strains of VEE virus were also relatively low in Cx. taeniopus (Table 3) . Transmissions of strains 63U2 and 68U201 occurred at oral doses of < 10 07 CEC pfu/ blood meal, and essentially all infected mosquitoes that bit hamsters transmitted virus after oral doses >1QI.1-1.2 CEC pfu/mosquito. As in the experiments with epizootic strains of VEE virus, the sources of the mosquitoes (field collected or colonized) did not detectably influence infectivity with enzootic viruses (Table 3) .
Evaluation of the potential for transovarial transmission of VEE viruses by epizootic or enzootic vec-
tors. Results of attempted virus isolations from 4th-instar larvae by SMic inoculation are seen in Table 4 . No vertical transmission of this epizootic virus strain was detected at either incubation temperature, despite the assay of 1,037 progeny from infected Ae. taeniorhynchus. Ten inoculated mosquitoes were killed 10 days after infection, and all had titers exceeding 10 4 CEC pfu per mosquito. This suggests that inoculation produced 100% infection in this species.
Similarly, no virus was isolated from 5,077 Cx. taeniopus progeny larvae tested as 106 pools (Table  4) . Thus, vertical transmission of 2 strains of enzootic subtype I-E VEE virus was not detected in their highly efficient mosquito vector.
DISCUSSION
Epizootic strains of VEE virus are unlikely to persist in the usual horizontal cycles following outbreaks because the supply of susceptible equine animals becomes exhausted owing to mortality and immunity. Thus to survive after an equine outbreak, epizootic VEE viruses would need alternatives to the usual epizootic maintenance cycles. Theoretically, epizootic virus could (1) cycle between epizootic vector mosquitoes (such as Ae. taeniorhynchus) and enzootic vertebrate hosts (such as sylvatic rodents), (2) be maintained in cycles involving enzootic vector Culex (Melanoconion) spp. mosquitoes and enzootic vertebrate hosts, or (3) be transmitted transovarially in epizootic vector mosquitoes.
Cycling of epizootic VEE viruses between epizootic vector mosquitoes and enzootic vertebrate hosts is currently being evaluated in our laboratory. No VEE virus (epizootic or enzootic) was found in 2 epizootic vector mosquito species, Ae. taeniorhynchus and Mansonia titillans, prevalent at an enzootic focus of VEE virus in Guatemala and examined annually during 1977-1980 (Cupp et al. in prep.) . In 1970, one enzootic subtype I-E strain was isolated from 4,222 Aedes sp. and one from 8,579 Mansonia sp. Since it is possible that the mosquitoes that yielded these 2 viruses contained viremic blood or were misidentified, the involvement of Aedes and Mansonia mosquitoes in enzootic VEE cycles has not been clearly established.
The 2nd possibility, that epizootic VEE virus strains are maintained by cycling between enzootic vector mosquitoes and enzootic vertebrate hosts, was evaluated in the experiments reported herein by determining oral-infection thresholds of epizootic strains in the Guatemalan enzootic vector Cx. taeniopus. The results of these experiments demonstrate that this mosquito has a high infection threshold for subtype I-AB strains from the Middle (Hardy et al. 1980) , we found no evidence of this phenomenon with VEE viruses. The existence of transovarian transmission in either mosquito cannot be ruled out, since rates of vertical transmission of togaviruses in vector mosquitoes are often very low (Hardy et al. 1980) . However, the failure to isolate epizootic virus from this mosquito or other potential epizootic vectors in Guatemala following the 1969 outbreak suggests the unlikelihood that vertical transmission acts as a maintenance mechanism there. Furthermore, our negative findings with the highly efficient enzootic vector Cx. taeniopus cast doubt on the possibility that transovarial transmission can occur with any of the Middle American VEE viruses.
The sharp difference in laboratory vector competence of Cx. taeniopus for these 2 closely related VEE virus subtypes represents a unique phenomenon in arbovirology. The insensitivity of this mosquito to oral infection with epizootic, subtype I-AB VEE virus strains from Middle America suggests that either (1) these viruses are incapable of replicating in any tissues in most mosquitoes or (2) this mosquito exhibits a mesenteron infection barrier to these strains, which prevents the initiation of an infection in most individuals. Parenteral infection experiments reported elsewhere demonstrate the latter (Weaver et al. 1984) . The actual exclusionary mechanism of the mesenteron infection barrier is as yet unknown. However, the heterogeneity in expression of this barrier to these similar viruses provides additional evidence regarding several mosquito-arbovirus infection mechanisms, and a valuable model for further research into vectorvirus infection interactions.
